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Abstract 

Carbon-supported  Pt  and  Pd  nanoparticles  (CSNs)  were  synthesized  and  electrochemically  characterized  in  view  of  potential  application  in 
proton  exchange  membrane  (PEM)  water  electrolysers.  Electroactive  metallic  nanoparticles  were  obtained  by  chemical  reduction  of  precursor 
salts  adsorbed  to  the  surface  of  Vulcan  XC-72  carbon  carrier,  using  ethylene  glycol  as  initial  reductant  and  with  final  addition  of  formaldehyde. 
CSNs  were  then  coated  over  the  surface  of  electron-conducting  working  electrodes  using  an  alcoholic  solution  of  perfluorinated  polymer.  Their 
electrocatalytic  activities  with  regard  to  the  hydrogen  evolution  reaction  (HER)  were  measured  in  sulfuric  acid  solution  using  cyclic  voltammetry, 
and  in  a  PEM  cell  during  water  electrolysis.  Results  obtained  show  that  palladium  can  be  advantageously  used  as  an  alternative  electrocatalyst  to 
platinum  for  the  HER  in  PEM  water  electrolysers.  Developed  electrocatalysts  could  also  be  used  in  PEM  fuel  cells. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Proton  exchange  membrane  (PEM)  water  electrolysis  [1,2] 
is  considered  as  an  attractive  process  to  accelerate  the  transition 
to  the  hydrogen  economy  and  to  develop  a  hydrogen  infrastruc¬ 
ture  network  (development  of  hydrogen  re-filling  stations  for 
automotive  applications  using  electric  power  stations  at  night 
hours  and/or  renewable  energy  sources).  Compared  to  the  more 
conventional  alkaline  process,  PEM  water  electrolysis  offers  a 
number  of  significant  technical  advantages  for  the  production 
of  electrolytic-grade  hydrogen:  higher  operating  security  offer¬ 
ing  the  possibility  of  producing  compressed  gases  (>200  bar)  for 
direct  storage  with  no  compressor,  higher  gas  purity  (>99.99% 
for  hydrogen)  with  no  soda,  and  long  time  performance  without 
maintenance.  However,  the  main  drawback  of  this  technology, 
which  still  postpones  applications  in  the  industry,  is  its  pro¬ 
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hibitive  cost,  which  comes  mainly  from  the  use  of  noble  metals 
as  electrocatalysts.  Typically,  platinum  is  used  at  cathodes  for 
the  hydrogen  evolution  reaction  (HER)  and  iridium  (metal  or 
oxides)  is  used  at  anodes  for  the  oxygen  evolution  reaction 
(OER).  These  noble  metals  are  required  (i)  because  they  yield  the 
best  catalytic  activity  for  the  HER  and  the  OER  in  acidic  media 
(typical  conversion  efficiencies  >80%  are  commonly  obtained 
at  1 A  cm-2)  and  (ii)  because  of  the  strong  acidity  of  the  solid 
electrolyte,  which  would  cause  the  corrosion  of  non-noble  met¬ 
als.  To  reduce  the  cost  of  PEM  cells,  different  approaches  can 
be  followed:  (i)  a  reduction  in  Pt  and  Ir  loadings  (in  state-of-the- 
art  electrolysers,  2-5  mg  cm-2  black  Pt  and  Ir  are  commonly 
used),  (ii)  the  use  of  less  expensive  noble  metals  such  as  Pd 
and  Ru  or  (iii)  the  development  of  alternative  low-cost  electro¬ 
catalysts  based  on  non-noble  metals  and  molecular  chemistry 

[3]. 

Palladium,  which  is  widespread  in  the  Earth  crust  and  less 
expensive  than  platinum,  also  exhibits  interesting  electrocat¬ 
alytic  properties  for  various  reduction  and  oxidation  electrode 
processes.  Most  applications  reported  in  the  literatures  concern 
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fuel  cells,  either  in  alkaline  [4-8]  or  in  acidic  (PEM)  [9-11] 
media.  Palladium  can  be  used  as  electrocatalyst  for  the  oxidation 
of  various  fuels.  Pd  nanoparticles,  electrochemically  deposited 
onto  glassy  carbon  [4]  or  on  single-walled  carbon  nanotubes 
(SWNTs)  [5],  have  been  reported  to  exhibit  a  high  electrochem¬ 
ical  activity  with  regard  to  hydrazine  oxidation.  Highly  dispersed 
Pd  nanoparticles  onto  carbon  have  also  been  reported  to  pro¬ 
mote  the  oxidation  of  methanol,  formaldehyde  and  ethylene 
glycol  [6].  Concerning  the  hydrogen  oxidation  reaction  (HOR), 
the  electrochemical  activity  of  palladium  has  been  investigated 
using  Pd  deposited  onto  glassy  carbon  in  alkaline  [7]  and  in 
acidic  [9]  media.  Pd  nanoparticles  dispersed  onto  carbon  have 
also  been  reported  to  promote  the  oxygen  reduction  reaction 
(ORR)  in  alkaline  solutions  [6].  Pd  particles  inserted  into  poly¬ 
thiophene  films  were  studied  with  respect  to  their  activity  for 
the  hydrogen  oxidation  and  oxygen  reduction  in  acidic  media 
for  fuel  cell  applications  [10].  More  recently,  new  types  of  bi¬ 
metallic  catalysts  (in  particular  electrocatalysts  based  on  Pt-Pd), 
have  been  developed  and  characterized  for  both  the  HOR  and 
ORR  [8,11], 

Concerning  water  electrolysis  applications,  the  possibil¬ 
ity  of  using  Pd  (dispersed  onto  carbon  electrodes)  for  the 
HER  in  alkaline  medium  has  been  reported  by  Ndzebet  et  al. 
[12],  But  for  PEM  water  electrolysis  and  the  HER  in  acidic 
media,  palladium  has  been  less  studied  than  platinum.  The  pur¬ 
pose  of  this  paper  is  to  report  on  the  possibility  of  reducing 
noble  metal  contents  for  the  HER  in  PEM  water  electroly¬ 
sis  cells  by  using  carbon-supported  nanoparticles  (CSNs),  and 
to  investigate  the  possibility  of  using  palladium  in  place  of 
platinum. 

2.  Experimental  section 

2.1.  Catalyst  synthesis 

An  impregnation/reduction  method  described  in  detail  else¬ 
where  [13]  was  used  in  the  present  work  to  prepare  working 
electrodes.  Pt  (Pd)  nanoparticles  were  deposited  directly  at  the 
surface  of  Vulcan  XC-72  (a  carbon  carrier  from  Cabot  Co.  of 
large,  250m2g_1,  surface  area)  by  chemical  reduction  of  Pt 
(Pd)  precursor  salts  using  ethylene  glycol  and  formaldehyde  as 
reductants.  Briefly,  135  mg  of  Vulcan  were  dispersed  in  4.6  cm3 
of  0. 1 M  solutions  of  H2PtCl6  (H2PdCl4)  in  bi-distilled  water 
and  8  vol.%  of  2-propanol.  Then  the  pH  of  the  mixtures  was 
set  to  a  value  of  8  using  0.1M  Na2C03.  Dispersions  were 
added  to  60  cm3  of  ethylene  glycol  to  initiate  the  reduction  pro¬ 
cess.  Finally,  drop-wise  amounts  of  formaldehyde  were  added 
to  perform  post-reduction  of  particles.  After  that,  the  temper¬ 
ature  of  the  mixture  was  kept  constant  at  80  °C  for  2h  (until 
completion  of  reduction)  and  then  the  heating  was  switched  off 
and  the  solution  was  cooled  down  to  room  temperature.  After 
12h,  the  excess  of  liquid  was  poured  out  and  the  remaining 
deposits  (Pt  or  Pd  on  Vulcan)  were  washed  off  (8-10  times) 
using  bi-distilled  water.  Results  reported  in  this  paper  were 
obtained  using  Pt40/Vulcan  XC-72  and  Pd40/Vulcan  XC-72 
catalysts,  where  40  denotes  the  amount  of  metal  expressed  in 
wt.%. 


2.2.  Physical  and  electrochemical  characterization  of 
catalyst  particles 

The  structure  and  morphology  of  the  metal-carbon  catalysts 
were  investigated  using  a  CM30  Philips  (300  kV)  TEM  micro¬ 
scope.  Cyclic  voltammetry  was  used  for  the  electrochemical 
characterization.  Experiments  were  performed  using  a  typi¬ 
cal  three-electrode  cell.  Working  electrodes  were  prepared  as 
follows.  CSNs  were  mixed  with  5  wt.%  alcoholic  solution  of 
Nation®  (Aldrich  Co.),  the  polymer  acting  as  a  binder,  and  the 
mixtures  were  sprayed  over  1  cm2  glassy  carbon  disks.  Slurries 
were  then  air-dried  at  75  °C  in  a  furnace,  and  typical  loadings  of 
ca.  0.7  mg  cm-2  of  noble  metals  were  obtained.  A  KCl-saturated 
silver-silver  chloride  electrode  (SSCE)  and  a  platinum  wire  were 
used  as  reference  and  counter  electrodes,  respectively.  Cyclic 
voltammograms  were  recorded  in  de-aerated  1 M  H2SC>4  using 
aSolartron  1285  potentiostat/galvanostat(Solartron  Analytical). 
Electrode  surfaces  were  first  activated  by  cycling  in  the  poten¬ 
tial  range  —0.2  to  +1 . 1 V  vs.  SSCE,  in  order  to  obtain  stable  and 
reproducible  voltammograms. 

2.3.  Preparation  of  PEM  electrolysis  cell 

Electrolysis  cells  were  prepared  as  follows,  using  Nafion®- 
115  (E.I.  du  Pont  de  Nemours  Co.)  as  solid  electrolyte. 
Membranes  were  repeatedly  washed  using  10  vol.%  HNO3, 
then  1M  KOH  and  finally  de-ionised  water,  in  order  to 
remove  various  surface  and  bulk  impurities.  Catalytic  struc¬ 
tures  (Pt40/Vulcan  XC-72  or  Pd40/Vulcan  XC-72  on  cathodic 
sides  and  Ir-black  powder  on  anodic  sides)  were  mixed  with 
7  (cathodes)  or  10  (anodes)  wt.%  of  the  ion-exchange  polymer 
(wt.%  values  are  expressed  with  respect  to  the  weight  of  cata¬ 
lyst).  These  mixtures  were  then  directly  sprayed  as  an  ink  over 
the  surface  of  7  cm2  current  collectors  made  of  1 .4  mm  thick 
porous  titanium  sheets  (45%  porosity).  Typical  metal  loadings 
of  0.7  and  2.4  mg  cm-2  were  obtained  for  cathodes  and  anodes, 
respectively.  Finally,  membrane-electrode  assemblies  (MEAs) 
were  prepared  by  hot  pressing  the  Ti-supported  electrocatalytic 
layers  against  each  side  of  the  Nation®  membrane  (Fig.  1). 

Current-voltage  and  polarization  curves  were  recorded  in  a 
7-cm2  single  electrolysis  cell  at  90  °C  and  atmospheric  pressure 
of  gases  (water  was  supplied  to  the  anode). 

3.  Results  and  discussion 

3.1.  Morphological  characterization  of  catalyst  particles 

To  reduce  the  amount  of  noble  metal  in  the  CSNs  and  to  main¬ 
tain  at  the  same  time  the  same  level  of  electro-activity  compared 
to  black  catalysts  powders,  it  is  necessary  to  optimize  experi¬ 
mental  parameters.  First,  metallic  particles  must  be  deposited 
as  uniformly  as  possible  over  the  entire  surface  of  the  carbon 
carrier,  trying  to  obtain  a  coverage  ratio  close  to  unity  and  to  ben¬ 
efit  form  its  large  surface  area  (typically  250  m2  g-1  for  Vulcan 
XC-72).  Second,  small  particles  of  homogeneous  size  (in  the  nm 
range)  must  be  obtained  to  increase  the  surface/volume  atomic 
ratio.  Experimentally,  these  two  requirements  are  contradictory 
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Fig.  1 .  Schematic  diagram  of  the  two-step  process  used  in  the  present  study  to 
prepare  the  MEAs:  (1)  anodic  and  cathodic  electrocatalytic  compositions  are 
sprayed  onto  the  surface  of  current  collectors;  (2)  the  catalyst-covered  current 
collectors  are  hot-pressed  against  the  solid  polymer  membrane. 

since  uniform  coatings  require  higher  concentration  of  precur¬ 
sor  salts  during  the  impregnation  step,  which  in  turn  yields,  in 
general,  larger  particles.  Figs.  2  and  3  show  two  TEM  pictures 
obtained  using  two  different  magnifications,  with  respectively 
Pt- Vulcan  XC-72  and  Pd- Vulcan  XC-72  CSNs.  As  can  be  seen 


Fig.  2.  TEM  picture  of  a  Pt/Vulcan  XC-72  catalyst. 


from  Fig.  2,  it  is  possible  to  obtain  uniform  coatings  although 
a  significant  part  of  the  carrier  surface  remains  uncovered.  Pt 
and  Pd  catalyst  particles  were  found  similar  in  shape  and  size. 
As  can  be  seen  from  Fig.  3,  particle  sizes  in  the  5-10  nm  range, 
with  a  roughly  bimodal  distribution  of  size,  are  obtained. 

3.2.  Electrochemical  characterization 

Typical  cyclic  voltammograms  recorded  using  1  cm2  working 
electrodes  made  of  Pt40/Vulcan  XC-72  and  Pd40/Vulcan  XC- 
72  CSNs,  respectively  are  shown  in  Fig.  4.  It  can  be  seen  from 
this  figure  that  the  potentiodynamic  curves  are  similar  in  shape 
to  those  obtained  with  bulk  metals  (see  for  example  Ref.  [14]). 


Potential  (V  vs.  NHE) 

Fig.  4.  Cyclic  voltammograms  of  (1)  Pt40/Vulcan  XC-72  and  (2)  Pd40/Vulcan 
XC-72  electrodes  recorded  in  1 M  H2SO4  (scan  rate  20  mV  s-1). 
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Electrochemical  active  surface  areas  (EAS)  of  the  catalysts 
were  estimated  from  the  voltamperograms  of  Fig.  4.  The  EAS 
of  the  Pt  catalyst  was  obtained  from  the  coulombic  charge  asso¬ 
ciated  with  hydrogen-adatoms  desorption  (<2h) 


EAS  = 


Qh 

QuoGmz  ’ 


where  <2  Ho  is  the  amount  of  electricity  per  unit  surface 
area,  corresponding  to  the  full  coverage  of  the  metal  surface 
by  one  monolayer  of  hydrogen  (for  polycrystalline  platinum 
(2h0  =  0.21  mC  cm-2  [15,16]);  Gm&  is  the  weight,  corresponding 
to  the  metal  fraction  in  the  catalyst. 

The  charge  Qh  for  Pt  catalysts  was  calculated  using  the 
method  described  in  the  literatures  [16-18],  i.e.  by  integrating 
the  potentiodynamic  curve  in  the  hydrogen  desorption  region 
(Qy^)  and  by  substracting  the  contribution  of  the  carbon  carrier 

(Qc) 


Qh  =  Qs  -  Qc- 


The  EAS  of  the  Pd  electrode  was  estimated  likewise  but  this 
time  using  the  reduction  peak  of  chemisorbed  oxygen  [19],  To 
calculate  the  EAS  value,  the  specific  amount  of  electricity  corre¬ 
sponding  to  the  full  coverage  of  the  Pd  surface  by  one  monolayer 
of  oxygen  was  taken  as  0.42  mC  cm-2  [19,20].  Results  are  com¬ 
piled  in  Table  1  where  average  sizes  of  metal  particles  were 
estimated  from  TEM  analysis. 

In  spite  of  identical  concentration  of  precursor  salts,  it  was 
repeatedly  observed  that  Pd-CSNs  present  significantly  lower 
EAS  values  compared  to  Pt-CSNs.  This  difference  can  be 
attributed  to  the  larger  size  of  Pd  particles  reported  in  Table  1. 
This  is  a  general  trend,  which  can  be  ascribed  to  faster  reduc¬ 
tion  kinetics.  For  the  HER,  this  negative  effect  can  be  partly 
counter-balanced  by  a  30%  higher  exchange  current  density: 
according  to  Ref.  [21],  log  ;'o  (Acm_2)  =  — 3  for  Pd  and  log  io 
(A  cm_2)  =  — 3.1  for  Pt  at  298  K. 


3.3.  Water  electrolysis  performances  in  MEA  configuration 


Typical  current-voltage  curves  recorded  at  90  °C  during  PEM 
water  electrolysis  are  plotted  in  Fig.  5.  It  can  be  seen  that  cell 
voltages  of  ca.  1.68  V  were  obtained  at  a  current  density  of 
1 A  cm-2.  Results  obtained  with  Pd40/Vulcan  XC-72  cathodes 
are  slightly  less  efficient  than  those  obtained  with  Pt40/Vulcan 
XC-72.  More  precisely,  at  the  current  density  of  1 A  cm-2,  the 
operating  voltage  of  the  cell  with  Pd-CSNs  is  ca.  20  mV  higher 
compared  to  that  with  Pt-CSNs.  The  difference  between  the 
two  catalysts  can  be  interpreted  in  terms  of  EAS  and  exchange 
current  density  as  discussed  above. 

Stability  tests  performed  at  constant  current  density  over 
more  than  100  h  of  continuous  electrolysis  have  shown  stable 


Table  1 

Characteristics  of  Pt-  and  Pd-CSNs 

No.  Electrocatalysts  EAS(m1 2g-1)  Particle  mean  size  (nm) 

1  Pt40/Vulcan  XC-72  40  ±  4  7.1  ±  0.7 

2  Pd40/Vulcan  XC-72  33  ±  3  14.9  ±  1.6 


Current  density  (A.  cm'2) 


Fig.  5.  Current-voltage  relationships  measured  using  7  cm2  single  electrolysis 
cell  at  90  °C  and  atmospheric  pressure  of  gases;  cathodic  catalyst:  Pt40/Vulcan 
XC-72,  Pd40/Vulcan  XC-72  (0.7  mg  cm-2  of  metal);  anodic  catalyst:  black  Ir 
(2.4  mg  cm-2);  Nation®-!  15  membrane. 


Fig.  6.  Cathodic  overvoltages  measured  at  90  °C  and  atmospheric  pressure  on 
Pt40/Vulcan  XC-72  and  Pd40/Vulcan  XC-72  (0.7  mg  cm-2  of  metal)  during 
PEM  water  electrolysis  experiments. 

results  and  it  can  be  concluded  that  Pd  can  be  advantageously 
used  in  place  of  Pt  on  cathodes  in  PEM  water  electrolysers. 

To  make  a  more  direct  comparison  of  Pd  and  Pt  electrodes, 
individual  cathodic  overvoltages  were  also  measured  during 
PEM  water  electrolysis.  Since  no  reference  electrode  can  be 
placed  directly  against  the  working  electrode,  the  membranes 
were  equipped  with  a  narrow  strip  acting  as  an  ionic  bridge,  the 
end  of  which  was  immersed  in  a  0.5  M  H2SO4  solution  [22],  A 
saturated  KC1  electrode  was  used  as  reference  electrode.  First, 
the  ohmic  drop  across  the  whole  membrane  thickness  was  mea¬ 
sured  by  ac  impedance  spectroscopy.  Then,  it  was  assumed  that 
the  potential  at  the  end  of  the  membrane  strip  was  the  same  as  the 
potential  value  in  the  middle  of  the  membrane.  Therefore,  raw 
measurements  of  individual  electrode  potentials  were  corrected 
by  half  the  value  of  the  ohmic  drop  across  the  solid  polymer 
membrane.  Results  are  plotted  in  Fig.  6.  It  is  concluded  that  the 
slight  difference  in  cell  voltage  reported  in  Fig.  5  is  not  due  to 
the  anode  but  to  the  difference  between  the  Pd  and  Pt  cathodes. 

4.  Conclusions 

An  impregnation/reduction  method  was  used  to  prepare 
Vulcan  XC-72-supported  Pt  and  Pd  nanoparticles.  These 
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carbon-supported  catalysts  have  been  characterized  using  TEM 
analysis  and  cyclic  voltammetry.  Results  show  that  Pd-CSNs 
have  a  lower  electrochemical  active  surface  than  Pt-CSNs. 
These  catalysts  have  been  used  as  cathodes  in  PEM  cells  with 
metal  loadings  of  ca.  0.7  mg  cm-2,  that  is  a  value  three  times 
lower  that  those  usually  found  with  metal-black  loadings  (typ¬ 
ically  ca.  2  mg  cm-2).  Water  electrolysis  using  7  cm2  single 
cells  have  demonstrated  good  performances,  with  conversion 
efficiencies  of  ca.  88%  at  lAcm-2.  Electrochemical  perfor¬ 
mances  measured  with  Pd  catalysts  are  slightly  lower  than  those 
obtained  with  Pt.  These  results  lead  to  the  conclusion  that  the 
impregnation/reduction  method  is  a  promising  way  for  prepar¬ 
ing  carbon-supported  electrocatalytic  structures  for  PEM  water 
electrolysis  applications.  Palladium  can  be  considered  as  an 
alternative  catalyst  to  platinum  with  regard  to  the  HER  in  PEM 
water  electrolysis  cells.  Developed  electrocatalysts  could  be 
used  in  PEM  fuel  cells. 
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